The need to reduce energy consumption in buildings leads to the development of new faç ade systems that can be energy efficient; thus, contributing significantly to heat transfer between outdoor and indoor spaces. Here, the versatility and flexibility of the modules are key attributes. For this purpose, this study focused on the thermal performance of Trombe walls and glazings and the glazing daylighting performance of a modular faç ade system in four different Portuguese cities. Computational simulations for the thermal performance of different arrangements of the modules were accomplished with the DesignBuilder software, while the glazing daylighting performance was studied by means of Ecotect and Desktop Radiance software, and compared with the transmittance curves of glazings. Occupancy profile and internal gains were fixed according to the Portuguese reality for both studies. The main characteristics considered in this research were the use of two double glazings, four different Portuguese climates and one or two Trombe walls in the faç ade. According to results, the use of Trombe walls and double self-cleaning glazing in the faç ade showed an important reduction in the energy consumption as well as better daylighting performance.
Introduction
Over the last decades, fac¸ade technologies have undergone substantial innovations not only in the quality of materials/components, but also in the overall design concept of the fac¸ade system by integrating specific elements to reconcile exterior conditions with the occupant's requirements. These improvements include passive technologies, such as multi-layered glazing, sun protection, ventilation 1 and Trombe walls. Although Edward Morse was the first to describe the Trombe wall concept in a patent, 2 the idea was repatented and popularised by French engineer Felix Trombe and architect Jacques Michel. 3 Since ancient times, thick walls of either adobe or stone have been used to store the solar energy captured during the day, while releasing it slowly and evenly at night to heat buildings. Presently, low-energy buildings can use this ancient technique by integrating a thermal storage and delivery system called 'Trombe wall'. 4 A typical Trombe wall consists of a 10-to 40-cmthick south-oriented wall (northern hemisphere), faced with a single or double layer of glass, which is placed 2-5 cm from the massive wall in order to create a narrow air space. In addition, the absorptivity of the solar radiation is increased by painting the surface of the massive wall in black. 5 The solar heat crossing the glass is absorbed by the dark surface, stored in the wall and slowly conducted inwards through the wall. Moreover, the use of high-transmission glass can maximise solar gains to the wall and patterned glass can limit the exterior visibility of the dark concrete wall without sacrificing transmissivity. For a 20-cm-thick Trombe wall, it will take approximately 8-10 h for the heat to reach the interior of the building, slowly warming it and reducing the need for conventional heating. 4 According to previous research, Trombe walls are an effective technology that can reduce up to 47% of the heating energy in residential cases 6 and thus be used as an efficient and durable solar heating method.
Among several recent studies on Trombe walls, the review of building envelope components and passive solutions by Sadineni et al. 7 as well as the comparative study presented by Zalewski et al. 8 emerge, using numerical simulations for four types of solar wall configurations: Trombe wall, insulated Trombe wall, composite solar wall and unventilated solar wall. All, except the latter, transfer heat to indoor environment by means of conduction through the wall as well as convection through circulating air. On the contrary, the unventilated solar wall transfers heat exclusively through conduction. In addition, Jie et al. 9 proposed an innovative design of photovoltaic-integrated Trombe walls. In this design, photovoltaic (PV) cells are affixed on the back of the transparent glass cover of a normal Trombe wall. Both the heat rejected by the PV cells and the heat absorbed by the thermal mass of the Trombe wall are used for space heating. Another study reviewed Trombe walls using a phase change material, 10 where experimental results showed thinner Trombe walls with better performance than concrete walls.
The apparent amenity of the climate in Portugal has led to the non-existence of central heating or cooling systems in most parts of the buildings, except service buildings. Gonc¸alves et al. 11 conducted a study entitled 'Passive Solar Buildings in Portugal: Experiences in the Last 20 years', in which they described some uses of Trombe walls: a residential building called Vale Rosal, located in Charneca da Caparica, Lisbon, with a 3.5-m 2 Trombe wall; the Scha¨fer Residence (Figure 1 ), located in Porto Santo, Madeira, with a 12-m 2 Trombe wall. According to Gonc¸alves et al., 11 Trombe walls in Portugal cover 2-6% of the floor area (3.5 m 2 up to 33 m 2 ), and wall thicknesses range from 15 to 40 cm. Most walls do not have any vents and single glazing is predominant. In terms of summer protection, some use movable or fixed shading devices, and others do not have any solar protection.
In this study, several computer simulations were carried out as they offer a variety of tools that can be used to test passive solutions and foresee their performance in a more economical and less time-consuming way. Ellis 12 validated the use of EnergyPlus for an unvented Trombe wall model and laid great stress on its use for the simulation of passive solar buildings.
Therefore, the computer program used for the analysis of thermal performance was DesignBuilder v. 1.8, a graphic interface for EnergyPlus, which provided heating energy needs for the use of passive solutions. The results of the 'Standard Method of Test for the Evaluation of Building Energy Analysis Computer Programs' for DesignBuilder agreed with the equivalent results for the EnergyPlus simulation engine. For the analysis of the daylighting performance, Ecotect and Desktop Radiance were used to obtain illuminance levels and the daylight factor (DF) for glazings. These types of computer programs can also be used for the development of new fac¸ade systems.
Modular faç ade system
Various fac¸ade system producers and architects have recently developed service-integrated fac¸ades. These are composed of parts with fixed glazing, operable windows and decentralised heating, ventilation and air conditioning (HVAC) service installations. Facility managers, climate designers and manufacturers of HVAC components are involved in the development of integrated processes. As every fac¸ade element is equipped with HVAC installations, it is easier to provide individual comfort control for every office space, for example. However, the lack of compatibility with operable windows is a great disadvantage. 13 I-modul, Temotion ( Figure 2 ) and Capricorn are examples of modern fac¸ade systems.
The I-modul fac¸ade is a cladding system with integrated building services for heating, cooling, ventilation, heat recovery, lighting and sound insulation. Unitised cladding panels are merely 20 cm deep.
14 Wicona-Hydro Company, Fachhochschule Biberach and the Universita¨t Dortmund have developed a fac¸ade that includes a number of functions, such as optimised energy management, automatic adjustment of heating and cooling needs, and natural and mechanical ventilation. Sun and glare shields are also integrated in the fac¸ade; therefore, it is possible to regulate the daylight admission and lighting, as well as the colour of the light. 15 In the Capricorn system, optimised building equipment (heating, cooling and ventilation) and renewable energy are integrated in the fac¸ade panels, which are used mainly for office buildings. The Capricorn Haus Du¨sseldorf was developed by Trox and Schueco Company. The design of the fac¸ade includes transparent and opaque components, combined visibility, natural light and reduction in solar gains in comparison to conventional curtain walls.
The ideal goal would be dynamic and flexible improvements to adapt the fac¸ade to the climatic changes, the occupant's requirements and the building. An improvement would be the development of a suitable system to facilitate the assembly of the fac¸ade. Other elements, such as passive solutions, glazing and reception of solar energy are also important. In agreement with the climatic needs and to improve comfort conditions, different solutions can be proposed according to the solar orientation and desired functions in the fac¸ade system. In the 'Fac¸ade Modules for Eco-efficient Refurbishment of Buildings' system, [16] [17] [18] the key attributes are the versatility and flexibility of the modules (60 cm Â 60 cm single modules) allowing a different architectural approach for each application. Versatility and flexibility features are not usually found in fac¸ade systems, which generally comprise all functions in a single module. These small modules can be installed in the fac¸ade and combined in different ways according to the needs, climate and available solar radiation. Figure 3 shows the main idea of the system; however, the description of the modules is not the main objective of this study.
The standard fixed (Figure 3(a) ) and awning glazed (Figure 3(b) ) modules, and Trombe wall module (Figures 3(g) and 3 (h)) are discussed herein. To build a Trombe wall, the concrete is cast inside a support ( Figure 3(h) ) and the Trombe wall module is assembled in front of this support (Figure 3(g) ). This study shows partial results of an ongoing research in glazing modules of this modular system, focusing on the thermal performance of Trombe walls and glazing modules, and on the glazing daylighting performance.
Materials and methods

Computational simulations of thermal performance
Computational simulations were performed by applying the DesignBuilder 1.8 software to analyse a case study: a 25-m 2 room with different arrangements of fac¸ade modules. For these simulations, the following parameters were considered: Before initiating the simulations it is important to make sure that the solar distribution has been set to 'Full Interior and Exterior', so most solar flux is directed to the absorber surface and not only to the small area of the Trombe zone floor.
The zone type on the Activity tab should be set to 'Cavity', causing the following changes to the model:
1. The zone is set as unoccupied by loading <None> Activity, HVAC and Lighting template data. 2. Suspended floors and ceilings are switched off when separate constructions are used. 3. The cavity inside the convection algorithm is set for cooling and heating design and simulation calculations to correctly model the air space. This algorithm correctly calculates the convection coefficients for a narrow sealed vertical cavity based on the ISO 15099 standard. 4. The 'full interior and exterior' solar distribution algorithm is set for cooling design and simulation calculations, because it allows the solar radiation to be accurately distributed onto the internal surfaces of the zone.
The cavity algorithm correctly calculates the convection coefficients for a narrow sealed vertical cavity based on the ISO 15099 standard and analyses the Trombe wall zone to find the two major surfaces, setting the coefficients for those surfaces. The other minor surfaces receive negligible convection. 20 For a naturally ventilated Trombe wall, there is no built-in algorithm to calculate the correct convection coefficients inside the cavity walls. A possible solution is the use of the 'detailed' algorithm of inside convection; it takes into account some natural convection effects, but it is intended for a normal-sized room. It is possible to define holes and vents through the Trombe wall by drawing them on a surface level. Vent openings can be scheduled and controlled by the internal temperature. 20 In this research, cavity and detailed inside convection algorithms were tested in DesignBuilder. However, as the values of the heating needs were similar, considering a small ventilated area (0.10 Â 0.20 m 2 ), the cavity inside convection algorithm was used.
The results of 'Standard Method of Test for the Evaluation of Building Energy Analysis Computer Programs' for DesignBuilder agreed with the equivalent results for the EnergyPlus simulation engine. This showed that DesignBuilder generated correct input data for EnergyPlus, validating the results generated by DesignBuilder/EnergyPlus. 21 Most results for DesignBuilder were identical to those extracted from the Gard Analytics report for EnergyPlus, run in stand-alone mode. 22 Definition of standard model for thermal performance. The standard model was defined considering a one-storey isolated room of regular 5.0 Â 5.0 (25 m 2 ) geometry and ceiling height of 2.80 m. These dimensions followed the recommendations of the Portuguese Urban Building Regulation 'Regulamento Geral das Edificac¸o˜es Urbanas'. 23 The total dimension of the fac¸ade modules was 2.5 Â 2. , as previously mentioned. The operating time considered for such openings was 9:00-18:00 in the winter; in the summer the openings remained closed during the day and opened at night.
Based on the RCCTE, the conventional season of heating (winter) starts in the first 10-day period subsequent to 1st October, wherein for each location the average daily temperature is below 15 C, and ends in the last 10-day period prior to 31st May, where temperature is still below 15
C. The conventional season of cooling (summer) comprehends 4 summer months (June, July, August and September). In these months there is a great probability of high exterior temperatures, which may require the cooling of the environment in buildings with small internal loads.
In the simulations, the Trombe walls were active during the conventional season of heating (scheduled for winter hours and months), allowing the entry of solar radiation between 9:00 and 18:00.
A Portuguese conventional construction system (double masonry wall) and an LGSF system were considered in the model for the opaque envelope.
The conventional system is composed of lightweight concrete slabs and insulation (expanded polystyrene), plaster and a waterproof coating layer. The external walls of the model are made of double masonry with interior insulation, air space and cement mortar plaster ( Figure 6 ).
The LGSF envelope composition was based on the work of Santos et al. 24 The LGSF system slab is composed of lightweight concrete, rock wool, gypsum board, oriented strand board (OSB), ceramic and air space, while the walls are composed of external insulation and finish system, OSB, rock wool and gypsum board ( Figure 7 ).
In this study, an insulated slab instead of a real roof was considered in order to highlight the thermal performance of the fac¸ade solutions and focus on the thermal performance of those modules. Table 2 presents the overall heat transfer coefficient values -U-factor (W/ m 2 K) for a Portuguese conventional construction system and LGSF system.
Types of glazing. Important factors, such as the solar factor (or g-value), solar heat gain coefficient, shading coefficient, transmittance and U-factor resulting from the glazing composition must be observed in the selection of the glazing. The glasses selected for the standard fac¸ade module simulations were supplied by Saint-Gobain Glass. Table 3 presents the main properties of the simple glasses.
The glasses were used in the computational simulations with the DesignBuilder software to obtain heating energy needs for all climates. Furthermore, a 12-mm air layer between the outermost and inner panes was also considered. The values were obtained by Window 6.2.33.0 software.
25 Table 4 presents the glazing compositions based on the types of glasses in Table 3 . According to the manufacturer, Cool Lite KNT 155 green is a temperable solar control glass, Planitherm Futur Ultra N is a glass of extremely low emissivity, Bioclean is a self-cleaning glass, Planilux is a multipurpose clear float glass and Diamant is a clear float glass.
Internal gains and reference temperatures. The RCCTE 19 describes 4 W/m 2 as an average value for the total internal gains (occupation, lighting and equipment). However, due to possibilities and simulation options offered by the DesignBuilder software, the internal gains were separated for the occupation, lighting and equipment ( Table 5) .
As the RCCTE standard does not establish schedules (days of the week, hours and time) of occupation ( Figure 8 ), lighting and equipment use for residential buildings, the values were obtained from Sousa. 26 Values of 20 C, 25 C and 0.6 air changes per hour were considered the references for heating indoor temperature (winter), cooling indoor temperature (summer) and natural ventilation rate, respectively, in agreement with RCCTE. 19 The DesignBuilder software offers some options to indicate the simulation data on the screen and information about internal gains. Furthermore, the graphic of results shows the contribution of each element (general lighting, equipment, occupancy, solar gains exterior windows).
The options to visualise the simulation data are 'all', 'site data', 'comfort', 'internal gains' and 'fabric and ventilation'. The 'internal gains' data option provides information about:
1. General Lighting -heat gain due to general lighting. 2. Computer and equipment -heat gain due to computer and other IT-related equipment. 3. Occupancy -sensible gain due to occupants. It can vary depending on the internal conditions. 4. Solar gains exterior windows (previously entitled 'transmitted solar gains') -short-wave solar Figure 7 . Light gauge steel framing system: roof slab and wall. radiation transmission through external windows. For a bare window, this transmitted radiation consists of the solar radiation passing through the glass and diffuse radiation from solar radiation reflected from the exterior window. 5. Zone/Sys sensible heating -heat delivered to maintain the internal heating design temperature. It is the sensible heating effect of any air introduced into the zone through the HVAC system, including any 'free heating' due to the introduction of relatively warm exterior air and the heating effects of fans. 6. Zone/Sys sensible cooling -sensible cooling effect of any air introduced into the zone through the HVAC system. It includes any 'free cooling' due to the introduction of relatively cool exterior air. Cooling always shows a negative heat gain in the results.
However, the value analysed in the results is the zone/ sys sensible heating, which indicates the heat delivered to maintain the internal heating design temperature. In the simulations, the main contribution to the heating of the environment was the exterior windows, in this case, from glazing systems (Trombe wall and glazing).
Heating energy needs. The values of heating energy needs are provided for four solar orientations (northern, southern, eastern and western), considering the annual period. The analysis of the results was based 
A out ¼ 81 m 2 (summation of outside envelope areas) A ins ¼ 0 (summation of inside envelope areas) (there are no inside walls)
The results were analysed based on the maximum nominal energy for the heating value (Ni), calculated according to RCCTE.
Computational simulations of daylighting performance
The standard model studied in the thermal performance evaluation was also used for the daylighting performance simulations. Interior illuminance levels were determined based on a square mesh of points spaced approximately 0.125 m apart, on a horizontal plane of 0.8 m above the floor, to study the daylight incidence on the working surface. The mesh distance from the interior walls was approximately of 0.1 m. The DF obtained was calculated by Ecotect 5.6 from the arithmetic mean points defined by the mesh. Based on the results, the acceptable conditions of illuminance level and DF were verified.
No operation schedule was used for artificial light in the daylighting simulations, because only the DF and illuminance levels were evaluated for the summer (21 June) and winter (21 December) solstices at 12:00, without an artificial light source. The occupation of the model consisted of two people as in the DesignBuilder software and the same case for the occupation schedule. No value for setting indoor temperature was used in Ecotect.
The net glazing area (window area minus mullions and framing, or $80% rough opening) divided by the gross exterior wall area (e.g. multiply width of the bay by floor-to-floor height) equals the window-to-wall ratio (WWR). 27 Considering the total dimension of the fac¸ade (6.25 m 2 ), the use of two passive Trombe walls implied a minimum glazing area with a WWR of 19%, as presented in Table 6 . Table 7 presents the values of the surface reflectance that characterise the room under study. These are the recommended values for the interior surfaces of a room. 28 Ecotect 5.6. The Ecotect 5.6 tool offers a range of lighting analysis options, although our main focus is on daylighting analysis. It implements the building research establishments (BRE) split flux method to determine the levels of natural light at points within a model. The BRE is based on the DF concept, which is the ratio of the illuminance at a particular point within an enclosure to the simultaneous unobstructed outdoor illuminance. The BRE method of DF excludes indirect gain solutions resulting from the reflection of light on multiple surfaces to illuminate a space, considering only the direct gain. The software can analyse these natural lighting conditions using two types of sky, i.e. overcast and uniform, which correspond to standard models of the International Commission on Illumination (CIE).
Presently, the new version of Ecotect software is 'Autodesk Ecotect Analysis'. It is now a sustainable design analysis software with a comprehensive concept-to-detail sustainable building design tool.
It is an environmental assessment tool that allows us to simulate a model in terms of thermal, acoustic and lighting performance with several detailed analysis functions, and a visual and interactive display that presents test results directly within the model of the building. A study on the development of 'Eco-efficient Window' 29 shows that the average values for illuminance levels and DF obtained by Ecotect software are similar to those measured in experiments, ranging, in this case, from 4% to 7%.
Ecotect Analysis offers a wide range of simulations and building energy analysis functionalities, which can improve the performance of the existing buildings and new building designs. This new version also allows simulation types shown in older versions (thermal performance, solar radiation and daylighting), and whole-building energy analysis, water usage and cost evaluation, shadows and reflections. 30 For a correct assessment of values in daylighting simulations, it was necessary to generate climate files from .epw (EnergyPlus) to .wea files in Ecotect 5.6. According to the latitude of the location, the exterior illuminance is calculated. Although the exterior illuminance obtained by Ecotect software shows some differences in relation to the real situation, it is known that Ecotect software can be considered accurate as it has been used to obtain the illuminance level and DF on a working plane 85 cm above the floor level, simulated for summer overcast and sunny sky conditions. 29, [32] [33] [34] Nevertheless, Ibarra and Reinhart 33 performed a study on daylighting comparing Ecotect, Daysim and Radiance software and concluded that the results of the latter were more reliable than the others. Therefore, a 'best practice' model was created by the authors using Ecotect. In addition, Kru¨ger and Dorigo 34 developed an analysis based on computer simulations, where at a first stage the impact of different siting possibilities was tested. Simulations were performed with Ecotect and Radiance. Ecotect was used to input the 3D geometry of a school building and its orientation, define view cameras in the classrooms and perform simulations with overcast sky. Moreover, geometry definitions, orientations and view cameras were exported to the Radiance Synthetic Imaging System, which allowed the rendering of indoor lighting levels under overcast sky and clear sky conditions. Desktop Radiance 1.02. For a more detailed and accurate analysis of the DF and illuminance level, the Ecotect model should be exported directly to tools, such as Desktop Radiance and Daysim. The development of the Desktop Radiance started in 1984 at the Lawrence Berkeley Laboratory (Berkeley, USA). At the same time, the radiosity method was first applied to the computer graphics domain. The ray tracing method used since the 1970 s was considered incapable of computing interreflections in a reasonable amount of time. Therefore, the most original part of Radiance lies within its interreflection calculation algorithm, which uses a backward ray tracing method. The Desktop Radiance is a more user-friendly version and runs under the Windows operating system. This interface makes most of the complex Radiance commands transparent to the user. 35 Desktop Radiance is a tool that facilitates the design and analysis of buildings to optimise the efficiency of daylighting systems and lighting technologies. It allows us to compute horizontal illuminance across an arbitrarily oriented grid of points or generate an image of a space that can be queried for the illuminance or luminance of any surface in a rendered figure of a room.
For the illuminance analysis, the model is saved as .rad (Radiance file). Units of lux and surface and/or point analysis have to be chosen to calculate illuminances, i.e. both numerical illuminances and rendered pictures will be calculated. The illuminance is calculated at points on the analysis grid, and sky conditions, date and time have to be chosen. Interior views of the model can be seen if appropriate cameras are set. Ecotect must recognise the path of Radiance on the computer. When the Radiance simulation is finished, the rendering first emerges inside a viewer. By running the mouse over the pictures that appear, it is possible to see the illuminance at each pixel and also record the illuminance on the picture by clicking on different pixels. Different overlays, such as 'falsecolour' and 'human sensitivity', are available for the exhibition of results.
The other output of Radiance software is the illuminance data on the working plane, calculated for this study. When the Radiance viewer is closed or minimised, a small window appears. The Ecotect screen will show the data in detail, so when the result is imported to Ecotect, the illuminance levels calculated appear on the screen, according to the Radiance method.
Daylight factor. The DF is the most widespread parameter for the characterisation and quantification of daylighting conditions in buildings. It is defined as the quotient (expressed as a percentage) between illuminance (at a given point on a plane inside a room due to a known distribution of sky illuminance measurements) and the outside luminance on a horizontal plane.
It is a significant parameter to quantify the daylighting under overcast sky conditions. However, under certain conditions it has limitations. For example, under partly cloudy sky conditions, it may be 0.2-5 times above the total value for overcast skies. 36 Therefore, a CIE standard overcast sky is considered in the computer simulations of luminous performance.
If in an overcast sky daylighting is satisfactory, on sunny days it will probably be adequate to consider the CIE standard overcast sky. The DF of an optimised construction in terms of daylighting allows a maximum solar radiation entrance, which may affect the conditions of comfort. However, the DF does not allow the verification of the illuminance levels recommended to achieve a particular visual task. Table 8 presents the indicated DF.
Illuminance levels. For an overcast sky, regardless of the solar orientation as the level of radiation is the same, the effect of the orientation factor does not appear in the DF calculation. However, the simplification of the use of DF does not consider the location and building orientation, season, time of day, direct radiation effect and variation of conditions and sky. It is necessary to observe illuminance levels on specific days, such as in the summer and winter solstices.
For the evaluation of illuminance levels within the space, the summer (21 June) and winter (21 December) solstices ( Figure 9 ) at 12:00, CIE standard overcast sky and southern solar orientation were considered. The latter was chosen because it provided the best results in previous studies on thermal performance.
To determine the illuminance levels and the DF, the illuminance distribution of CIE standard overcast sky was considered. The Illuminance level was calculated according to the latitude of the city, with different values for each city analysed by Ecotect 5.6 (Lisbon 7000 lx, Oporto 6500 lx, Lajes-Azores 7000 lx and Funchal-Madeira 8500 lx). The results were compared with recommended values (Table 9 ). Transmittance curve and daylighting performance. The spectral transmittance depends on the chemical composition of the material, colour, optical absorption within the material and glass surface characteristics. A reduction in the radiation transmission usually means that this radiation has been absorbed by the glass, resulting in an increase in the material's temperature. 40 Spectrophotometric behaviour is an important factor for the specification of transparent materials. Transmittance is defined by the ratio of the total radiant or luminous flux transmitted by a transparent object to the incident flux, usually given by the normal incidence of the solar radiation. The visible light region is a part of the spectrum that is detectable by the naked eye. It ranges in wavelengths from approximately 380 to 780 nm. In fact, it depends on the sensitivity of each person's eyes. A higher value of visible transmittance leads to a better performance of a glass in terms of daylighting. 41 A transmittance curve for the simulated glazings is shown to confirm the results. The sample space available in the spectrophotometer did not allow the air layer between the glass panes to be 12 mm thick as in the thermal simulations previously accomplished. However, spectrophotometric tests were conducted considering a 6-mm-thick air layer. Despite this difference, the results were significant in the analysis, showing the influence of the glasses and air layer on the double glazing transmittance.
40,41
Results
Thermal performance
An analysis based on the estimate of the heating energy needs for Lisbon, Oporto, Lajes (Azores) and Funchal (Madeira) was conducted, using the RCCTE energy calculation method.
In order to better understand the results, it must be noted that: Lisbon. The heating energy needs analysed for the climate in Lisbon, regarding the fac¸ades with passive solutions, were lower than the maximum value allowed by RCCTE (56.36 kWh/m 2 year) ( Figure 10 ). The values obtained by the use of glazing solutions, using as reference Glazing 04 and 07, were an exception because they indicated higher heating energy needs for the northern solar orientation, mainly for the conventional envelope. This solar orientation requires more heating energy as it receives less radiation during the year (northern hemisphere).
The fac¸ade solution using Glazing 07 with one or two Trombe walls presented an average decrease of 7% and 9%, respectively, in the heating energy needs in the LGSF system, while 13% and 10% in the conventional system. Glazing 04 with one or two Trombe walls presented an average decrease of 15% and 23%, respectively, in the heating energy needs in the LGSF system, whereas 12% and 17% in the conventional system.
In general, the heating energy needs were similar for both envelopes, where the results for one or two Trombe walls with the characteristics listed earlier were practically identical.
Oporto. Taking into account the results shown in Figure 11 for the climate in Oporto, the heating energy needs analysed, regarding the fac¸ades with passive solutions, were lower than the maximum value allowed by RCCTE (74.66 kWh/m 2 year). The values obtained by the use of glazing solutions were the same as in the previous case (Lisbon) due to the specific solar orientation (northern hemisphere), especially for the conventional envelope. Moreover, the use of a Trombe wall along with the glazing caused a decrease in the heating energy.
As in the previous case, Glazing 07 with one or two Trombe walls presented an average decrease of 7% and 9%, respectively, in the heating energy needs in the LGSF system, while 9% and 8% in the conventional system. Glazing 04 with one or two Trombe walls showed an average decrease of 17% and 23%, respectively, in the heating energy needs in the LGSF system, whereas 12% and 16% in the conventional system.
According to results, the southern solar orientation is easily noticeable for presenting a significant energy saving with the integration of passive solutions. In general, the heating energy needs showed similar values for both envelopes.
Nevertheless, the use of two Trombe walls for the LGSF envelope showed small differences of 2% and 1%, increasing the heating energy needs in relation to the use of one Trombe wall. Such a difference was not expected, because two Trombe walls should decrease the heating energy needs, as in the results presented for the other climates. This error may be due to problems in the simulation engine. Moreover, the proposed Trombe walls do not have a large area in comparison with the total area of the fac¸ade, floor area and the environment volume. In this research, 42 nine Portuguese climates were analysed, but this error occurred only for Oporto's climate. Despite repeating the procedure and revising the parameters, the error persisted.
Lajes-Azores. For the climate in Lajes, the heating energy needs analysed, regarding all fac¸ades, were lower than the maximum value allowed by RCCTE (36.42 kWh/m 2 year) ( Figure 12 ). The use of Glazing 07 in the fac¸ade with one or two Trombe walls showed an average decrease of 8% and 12%, respectively, in the heating energy needs in the LGSF system, while 8% and 9% in the conventional system. Here, the results were quite similar for the use of either one or two Trombe walls. In regard to Glazing 04 with one or two Trombe walls, an average decrease of 30% and 38%, respectively, in the heating energy needs in the LGSF system can be observed, as well as an average decrease of 14% and 22% in the conventional system. In general, the values of the heating energy needs were lower for the LGSF envelope. Funchal were lower than the maximum value allowed by RCCTE (46.42 kWh/m 2 year) in the model analysed ( Figure 13 ).
Funchal
The fac¸ade solution using Glazing 07 with one or two Trombe walls showed an average decrease of 8% and 13%, respectively, in the heating energy needs in the LGSF system, while 9% in both scenarios in the conventional system. Glazing 04 with one or two Trombe walls presented an average decrease of 19% and 28%, respectively, in the heating energy needs in the LGSF system, whereas 15% and 25% in the conventional system.
While in the northern solar orientation the variation in the solutions did not show any significant differences amongst the results, in the southern solar orientation the minimum energy consumption was achieved with the use of passive solutions.
Daylighting performance
Both DF and illuminance level values were compared with those provided by Goulding et al., 36 Lewis 37 and CIBSE 38 for residential buildings. The illuminance levels were compared with the values indicated by Goulding et al. 36 and CIBSE. 39 The simulation results were compared with the transmittance curve of the analysed glazings (visible transmittance), which showed a direct relation with the daylighting performance in the visible region. The objective was to obtain DF and illuminance levels according to the values indicated for residential buildings. An energy saving with the use of a glazed area and Trombe wall was obtained only in DesignBuilder thermal simulations. The results provided by Ecotect software are consistent with reality as they were similar to the values recommended for both DF and illuminance levels.
Lisbon. The use of Glazing 07 led to a higher average of illuminance level, while Glazing 04 presented lower daylighting performance. As an example, the graphics of the computational simulation results of daylighting only for Lisbon are provided (Figure 14) .
According to the values presented in Table 10 , obtained on a horizontal plane (0.8 m) of the simulated room, the average of illuminance levels for overcast skies were not in agreement with those recommended for kitchens. However, higher illumination levels could be obtained near the glazing. The DF found proved that the glazing form and dimensions provided the values recommended for all verified areas. Oporto. Similar to what happened in Lisbon, a higher average of the illuminance level was achieved with the use of Glazing 07, whereas the lower values were obtained by using Glazing 04. Concerning the average of illuminance levels for overcast skies and in regard to Glazing 04, the values were not in agreement with those recommended for all areas, and the illuminance level of Glazing 07 is not adequate for kitchens (Table 11 ). However, higher illumination levels can be obtained near the glazing. As previously, the DF obtained proved that the glazing form and dimensions provided the values recommended for all verified areas.
Lajes-Azores. again, the DF found proved that the specific glazing provided the values recommended for all verified areas.
Funchal-Madeira. A higher average of the illuminance level was obtained with the use of Glazing 07 in the fac¸ade, while Glazing 04 showed lower daylighting performance (Table 13 ). Similar to Lajes and Lisbon, the average values of illuminance levels for overcast skies were not in agreement with those recommended for kitchens. However, higher illumination levels could be obtained near the glazing. As in previous cases, the DF obtained proved that the specific glazing provided the values recommended for all verified areas.
Comparison between transmittance curve and daylighting performance. The glazing spectral transmittance curve was obtained by means of spectrophotometer tests, and the results showed a direct relation with the daylighting performance in the visible region and the thermal performance in the infrared region. A decrease was observed in the visible transmittance for Glazing 04, constituted by a green glass solar control (outer pane) and a low-e glass (inner pane). Glazing 04 (Cool Lite KNT 155 Green-air-Planitherm Futur Ultra N) showed 25.15% visible transmittance and Glazing 07 (Bioclean-air-Planilux) showed 70.34% visible transmittance, ensuring a high level of daylighting ( Figure 15 ).
Discussion
Thermal performance
The results show that the heating energy needs regarding the use of all types of fac¸ades were lower than the maximum limits allowed, according to RCCTE. In this case, fac¸ades using Glazing 07 with one or two Trombe walls showed the smallest heating energy needs in comparison with the others, and the heating energy needs were similar for both analysed envelopes. For milder climates, such as in Lisbon, Lajes and Funchal, the use of one or two Trombe walls showed identical results; therefore, the second Trombe is not necessary to achieve the same level of energy savings. For all climates, the southern solar orientation showed the minimum energy consumption with the integration of passive solutions.
According to RCCTE, the period (in months) of the heating season is 5.3 for Lisbon, 6.7 for Oporto, 4.0 for Lajes and 3.89 for Funchal, which means heating is necessary every year and only during those months to maintain indoor comfortable conditions.
It is also very important to consider the cooling energy needs, although they are not presented in this study. As an example, Lisbon shows the highest values of cooling needs based on RCCTE for the simulated model. Therefore, the best performance solutions in the Figure 15 . Glazing transmittance curves. heating energy needs caused a 16-40% (on 32 kWh/ m 2 year) energy consumption increase in the cooling needs. Such an increase can be reduced by using shading systems during the summer (this module is foreseen in the developed fac¸ade system).
Thermal simulation results could be compared with transmittance results because the infrared transmittance, besides other factors, is directly related to the thermal performance of the glazing. Moreover, the infrared transmittance of Glazing 04 was lower than that of Glazing 07, ensuring a high level of thermal performance for the latter.
Daylighting performance
In regard to the daylighting simulations, the use of Glazing 07 presented a better daylighting performance than the use of Glazing 04. The spectral transmittance curve validated the daylighting simulations and confirmed the results from the computational simulations. The glazing transmittance curves confirmed the great performance observed when Glazing 07 was used in the computer simulations conducted on Ecotect 5.6 and Desktop Radiance.
Conclusions
Energy simulations for two glazing types and Trombe walls for four Portuguese climates were conducted to evaluate the thermal and daylighting performance of glazings. They showed how the integration of the proposed passive solutions and glazing in the fac¸ade system could reduce the energy consumption with heating systems and improve the daylighting quality of the buildings.
Better thermal and daylighting performances were achieved for the same glazing (Glazing 07). The spectral transmittance curve validated the daylighting simulations and confirmed the results. In addition, the visible transmittance (for daylighting) and the infrared transmittance (for thermal performance) were important aspects in choosing better glazing based on the climate and architectural typology. Other features, such as the solar factor (or g-value), solar heat gain coefficient, shading coefficient, transmittance and U-factor must also be taken into account.
The integration of passive heating solutions and the adequate choice of glazing in the fac¸ade modules seem to be the ideal strategy for a better thermal and daylighting performance, decreasing energy needs.
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